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ABSTRACT
 
Sediments from 19 stations in Waukegan Harbor, Waukegan, Illinois were analyzed 
for polychlorinated biphenyl (PCB) content. Concentrations of PCBs ranged from a 
high of 17,251 ppm in slip 3 near the fonner drainage pipe from which PCB 
contaminated fluids entered the slip to a low of 5 ppm near the harbor mouth. The 
narrow range of values in slip 3 and at the mouth of the slip contrasts with values from 
previous studies that reported higher levels toward the mouth of the slip. PCB values 
also appear to be higher than expected on the west side of the harbor- this may be due 
to the resuspension and movement of sediments by boat traffic. 
Sediments from three stations in the harbor with varying levels of PCB contamination 
were incubated at go C and 22° C for periods of 0 to 12 months. Data from these 
experiments indicate that anerobic dechlorination of PCBs probably occurs in harbor 
sediments and that 50 percent dechlorination of many congeners occurs in less than 30 
days. The disappearance of PCBs appears to be a function of substrate level and of 
temperature. The decrease in concentration for 20 tri-, tetra-, and pentachlorobiphenyls 
was faster at the higher temperature. Concomitant with disappearance of more highly 
chlorinated PCBs, a lower weight congener (a mono, or dichlorobiphenyl) increased in 
concentration. 
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EXECUTIVE SUMMARY
 
Introduction 
Polychlorinated biphenyls (PCBs) have been widely used in industrial applications 
because they are resistant to oxidation and reduction, are thermally stable and 
nonflammable and are excellent electrical insulators. Unfortunately, many of these 
industrially desirable properties, as well as the relatively low acute toxicity and 
improper disposal practices of PCBs have led to widespread PCB contamination of 
all segments of the environment. 
PCBs were largely ignored as environmental contaminants until 1966 when their 
occurrence was observed in birds, fish, and humans. It was subsequently shown 
that the lipophilic nature of PCBs and their persistence in organisms contributed to 
their biomagnification and accumulation in predators at the highest levels of the 
food chain. PCBs are now routinely detected in fish, wildlife, and in human 
adipose tissue and milk. 
Because of their relative chemical inactivity in the non-photic zone, PCBs are only 
attenuated in sediments by a strong affinity for soils and by aerobic microbial 
degradation and alteration, and possibly anaerobic microbial dechlorination. 
Of these attenuation mechanisms, least is known about anaerobic microbial 
dechlorination or degradation, even though most PCBs eventually accumulate in 
anaerobic sediments. Existing data are either circumstantial or peripheral. 
Recently, however, Brown and colleagues at General Electric, presented evidence 
of the occurrence of anaerobic microbial dechlorination in upper Hudson River 
sediments, which had historically received large amounts of Aroclors 1212 and 
1016. They observed that in the more deeply buried sediments, changes in the 
distribution of PCB congeners suggested that reductive dechlorination had 
occurred. They hypothesized from these and other observations that the changes 
were caused by the activity of anaerobic bacteria. 
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Although these observations suggest that bacteria may anaerobically dechlorinate 
PCBs in sediments, to our knowledge, there have been no laboratory studies that 
support their hypothesis. 
In the present study, the degradation of PCB congeners in Waukegan Harbor sediments 
incubated under anaerobic conditions was examined. In addition, concentrations of 
PCBs in the sediments at 19 stations in the harbor and the rates of PCB dechlorination 
were determined. The data suggest that PCBs can be, at least partially, dechlorinated 
in sediments under anoxic conditions. 
PCB Concentrations in Sediments 
Concentrations of total PCBs in 19 sediment samples ranged from 5 to 17,251> ppm. 
Contamination levels generally decrease toward the harbor mouth to a concentration 
range of 5 to 20 ppm. Not suprisingly the highest concentrations were found in slip 3 
at the northern end of the harbor which is the site of the former PCB discharge by 
Outboard Marine Company (OMC). The actual discharge location is bracketed by two 
stations which have PCB concentrations of 14,694 ppm and 17,251 ppm, respectively. 
Although these levels were the highest that were found in this survey, the highest levels 
that have been reported for the harbor sediments were 500,000 ppm (50 %) from slip 3 
mucks. 
The relatively narrow range of PCB concentrations within slip 3 and the trend of 
decreasing contamination toward the mouth of slip 3 suggests that PCBs have been 
moving away from the outfall area and into the main harbor. This is substantiated by 
the anomalously high PCB levels found at stations near the mouth of the slip. It is 
probable that in addition to moving laterally, the PCBs are also moving downward into 
the underlying sand horizon. 
The distribution of higher values on the west side of the harbor suggests that 
contaminants are accumulating in this area. This is probably due to the resuspension 
and redeposition of sediments from the movement of commercial boats into and out of 
slip 2 and of pleasure boats in the main channel. 
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Anaerobic Degradation of PCBs 
Three PCB-contaminated sediment samples were used in experiments designed to 
follow the anaerobic degradation of PCBs. Sediments from sample 1 (PCBs = 500 
ppm),sample 2 (PCBs =1500) and sample 3 (PCBs greater than 10,000 ppm) were 
incubated at 22° C and go C for periods of 0, 1,3,5, and 9 months. The PCB levels used 
encompassed the upper range of levels found in the harbor sediments so the occurrence 
of biological degradation in the incubated samples could be equated with in situ 
degradation. 
Analyses of samples 1 and 2 after 9 months of incubation at 22 ° C showed no change 
in PCB congener distributions indicating a lack of anaerobic, microbial degradation. 
However, biological degradation of specific PCB congeners was evident in incubated 
sediments from sample 3. In the sediments incubated for 5 months at 8° C, at least 
eight congeners were degraded including a dichlorobiphenyl and several tetra- and 
pentachlorobiphenyls. Degradation at 22° C was more extensive, with at least 20 
peaks, ranging from trichlorobiphenyls to pentachlorobiphenyls showing decreases in 
peak area. Based on decreases in peak area compared with internal standards, sixteen 
of the peaks decreased by more than 50 percent within the first month of incubation. 
The average percent peak decrease during the nine month period ranged from 46 to 99 
percent with the least change occurring in peaks which have been identified as a 
tetrachlorobiphenyl and two pentachlorobiphenyls 
In contrast to the decrease in a number of peaks, two congeners increased in 
concentration. Increases in the levels of these congeners suggest that the 
dechlorination of some more highly chlorinated biphenyls does not go to completion 
and that the resulting mono- and dichlorobiphenyls are either dechlorinated very slowly 
or not at all. 
The time course of PCB degradation at go C and at 22° C was determined from the 
normalized peak areas obtained from sample 3 sediments incubated for 0, 5 and 9 
months. In all cases, degradation was slower in samples incubated at 8° C. At 22° C, 
the fastest rate of degradation was observed within the first month of incubation. Five 
peaks decreased by more than 90 percent and ten peaks decreased by at least 50 percent 
during the first month. 
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In general, rates of peak disappearance tended to decrease significantly after 3 months. 
One possible explanation is that substrate concentration became limiting. Fifteen of the 
nineteen peaks decreased by 85 percent or more indicating that once induced, 
degradation continues almost to completion. The more slowly degraded congeners 
were those that were more highly chlorinated, generally the pentachlorobiphenyls. 
Cone)usions 
The increased PCB levels that occur at and just outside of the entrance to slip 3 suggest 
that PCBs are migrating away from the outfall site. The generally decreased levels in 
the slip may be due to dilution of PCB-rich sediments with uncontaminated sediments, 
as well as by microbial degradation. 
The west side of the harbor appears to have higher levels of contaminants than 
previously reported. This is probably caused by movement of sediments to that side by 
currents generated from commercial and pleasure boat traffic. Some sediment 
movement may also be due to currents generated by the OMC (Johnson Outboard) 
motor testing facility on the east bank as well as from natural processes. In general, 
contaminant levels decrease toward the mouth of the harbor. 
There is evidence that PCBs in the harbor sediments have been dechlorinated by 
microorganisms. Comparison of the distribution of PCBs in Arochlor 1248, the major 
source of PCB contamination in the harbor, with the PCB congeners now found in the 
sediments indicates that a number of di-, tri-, and tetrachlorobiphenyls have been 
degraded, and that some dichlorobiphenyls have increased in concentrations. 
Anaerobic sediments in the harbor appear to contain microflora that are capable of 
degrading at least 20 different PCB congeners. In incubated sediments, PCBs were 
effectively degraded at 8° C and at 22° C. However, degradation occurred more quickly 
and to a greater extent at the higher temperature. The ability to degrade PCBs appears 
to be induced by concentrations of PCBs in the range of 10,000 ppm; degradation does 
not seem to occur at levels less than 1500 ppm. Once degradation was initiated, the 
majority of PCB substrates were dechlorinated by at least 70 percent of their original 
concentrations. 
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Although anoxic sediments in the harbor appear to contain bacteria capable of degrading 
PCBs, further studies are required to establish whether PCBs are effectively degraded 
in situ. Cores must be collected and PCB congener distributions detennined at several 
horizons in order to develop an historical perspective of the extent and rate of both 
degradation and migration of PCBs in the harbor. Concurrently, attempts should also 
be made to isolate the PCB degrading organism(s) with the intention of producing 
strains that can dechlorinate PCBs efficiently at in situ temperatures. 
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Chapter 1. INTRODUCTION 
Polychlorinated biphenyls (PCBs) have wide application in industry because they are 
resistant to oxidation and reduction, are thermally stable, nonflammable, and excellent 
electrical insulators. Because the acute toxicity of PCBs is also relatively low, their 
potential for contamination was not immediately recognized and proper disposal 
practices were not established. The result has been widespread PCB contamination of 
all segments of the environment (Risebrough, et aI., 1968). 
Waukegan Harbor, located on Lake Michigan, approximately 35 miles north of Chicago 
(figure 1) has been recognized since 1975 as being heavily contaminated by 
polychlorinated biphenyls (PCBs). In 1975, the Johnson Motors Division of Outboard 
Marine Corporation (OMC) was accused of discharging PCBs into the harbor, 
specifically at slip 3, and into a ditch, known as the North Ditch, leading into Lake 
Michigan. 
In 1948, OMC had begun purchasing Hydraul, a PCB containing hydraulic fluid from 
Monsanto for use in die-casting machines. The hydraulic fluid leaked steadily from 
these machines into a drainage system and eventually entered the harbor and Lake 
Michigan. Between 1948 and 1971, OMC purchased about 8 million pounds of 
Hydraul; OMC estimates that 900,000 pounds may have been discharged into the harbor 
(Mason and Hangar, 1981) where it has contaminated sediments. 
PCBs had been largely ignored as environmental contaminants until they were found in 
birds, fish, and humans by Jensen (1966). The lipophilic nature of PCBs and their 
resistance to degradation contributed to their biomagnification and accumulation in 
predators at the higher levels of the food chain (Jensen et aI., 1969; Hammond, 1972). 
PCBs are now routinely detected in wildlife and in human adipose tissue and milk 
(Hutzinger et aI., 1974). In 1971, based on evidence that PCBs were environmentally 
unsound and might be hazardous to human health, Monsanto voluntarily restricted sales 
of PCB containing products. In 1979, sales of PCBs were banned in the United States. 
Because of sales restrictions and indictment against OMC, PCBs have not been 
discharged into the harbor since 1975. From 1975 to 1986, the depositional 
environment of the PCB contaminated sediments has changed because of sedimentation, 
from an oxic, photic zone to a more anoxic, nonphotic environment. 
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New Harbor Lake 
Michigan 
CANADA 
Figure 1. Location map ofWaukegan Harbor. Slip 3 is the area where fonner 
polychlorinated biphenyl (PCB) contaminated fluids were discharged into the 
hatbcr. 
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In the nonphotic zone, the chemical activity of PCBs is relatively limited. Attenuation 
mechanisms in sediments include sorption (Griffin and Chiang, 1980), aerobic bacterial 
degradation (Catelani et aI., 1971; Gibson et aI., 1973) and alteration (Ahmed and Focht, 
1973; Baxter et aI., 1975; Furukawa et aI., 1978; Sayler et aI., 1977), and possibly 
anaerobic microbial dechlorination (Brown et aI., 1985, 1987). Although most PCBs 
eventually accumulate in anaerobic sediments, the least is known about anaerobic 
microbial dechlorination or degradation. 
Existing data are generally circumstantial or peripheral. Sayler et al. (1977) noted that 
degradation of PCBs in animals could be caused by intestinal microflora (an anerobic 
environment) and Suflita et al. (1983) and Boyd and Shelton (1984), described the 
dechlorination of chlorobenzoic acids and chlorophenols, respectively. 
Recently, however, Brown et al. (1985, 1987) presented evidence for the occurrence of 
anaerobic microbial dechlorination in upper Hudson River sediments, which had 
historically received large amounts of Aroclors 1242 and 1016. They observed that in 
the more deeply buried sediments, especially the PCB "hot spots", (i.e. those areas with 
high concentrations of PCBs) the changes in the distribution of PCB congener were 
suggestive of reductive dechlorination. They hypothesized from these and other 
observations (Brown, et al. 1987) that the observed changes were caused by anaerobic 
bacteria. 
Although these observations suggest that bacteria may anaerobically dechlorinate PCBs 
in sediments, there is no direct evidence that similar biologically mediated 
dechlorination or degradation reactions were occurring in the heavily contaminated 
anoxic sediments of Waukegan Harbor (figure 1). 
In this study, we incubated, in the laboratory, under strict anaerobic conditions 
Waukegan Harbor sediments from three stations to detennine if bacterial dechlorination 
of PCBs was occurring in the harbor. The experiments were run as a 12 month time 
series at temperatures that were in the range of ambient harbor conditions, to estimate 
rates of dechlorination. 
In conjunction with our laboratory, and also in support of a concurrent project which 
was to assess the ecotoxicological hazard of Waukegan Harbor sediments 
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(Ross et aI.,1988), we determined concentrations of total PCBs (by perchlorination) 
in sediments from 19 stations in the harbor. 
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Chapter 2. METHODS AND PROCEDURES 
A. Sampling 
Sediment samples were collected from 24 stations during three visits to Waukegan 
Harbor (Figure 2). Station K was sampled in October, 1985; stations A to J were 
sampled on November 24-25,1985; and stations L to V were sampled on June 3,1986. 
Samples from stations A-K were collected with a piston corer (Risatti, 1978) fitted with 
thin-walled (0.86 mm) stainless steel core barrels (45.7 ems x 5.1 em). The rest of the 
stations were sampled with a hand operated steel Ponar grab sampler measuring lOx 
12 x 18 inches. Sediments were immediately transferred to jars, flushed with argon 
and sealed with lids containing rubber septae. The samples were then flushed again 
with argon for approximately 10 minutes using syringes. Sediments were packed in 
ice, transported to the laboratory and stored at 4°C until needed. 
B. Analytical Procedures 
1. Sediment extraction 
PCBs were extracted from sediments following the method described by Goerlitz and 
Law (1974) except that hexane was amended with increasing concentrations of ether in 
the clean-up phase, as suggested by EPA guidelines (Fed. Reg., 1979). A flow diagram 
of the procedure is given in Figure 3. 
Differences within sub-samples were eliminated by homogenizing sediments with 
equal parts of deionized, glass distilled water (dH20). To monitor recovery efficiency, 
hexachlorobenzene (ReB) was added as an extraction standard to all samples. ReB 
was selected because it coextracts with PCBs, has a good response factor on the 
electron capture detector (ECD) and does not coelute with any polychlorinated 
biphenyl congener. 
Slurries were dried in an oven at 90° C until no change in weight occurred. PCBs were 
extracted by adding a mixture of 20 ml acetone and 40 ml hexane (vIv) per 25 g dry 
sediment. The extract was centrifuged at 5000 rpm for 8 minutes, and the supernatant 
decanted into a separatory funnel. All sediments were exhaustively extracted by 
repeating this procedure twice more; all extracts were combined in the same separatory 
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Figure 2. Location of stations sampled for PCB analyses in Waukegan Harbor, 
Waukegan, Illinois. 
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Homogenize 
water : sample 
(l:lw/w) 
Weigh 
Extract (3x) 
acetone:hexane 
(1:3 v/v) 
~, 
Concentrate 
Reflux 
(90-9S0 C) 
Florisil column 
(hexane eluant) 
Total PCBs PCB Congeners 
(perchlorination) (gc/ECD) 
Figure 3. Protocol used to extract PCBs from sediments. 
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funnel. Periodically, a fourth extraction was carried out to determine if all PCBs had 
been removed by the previous three extractions. PCBs were never found in the fourth 
extract. 
The extract was washed with 250 ml of water; the nonpolar and aqueous phases were 
separated, and the nonpolar extract dried with 0.5 N Na2S0. The extract was then 
concentrated by refluxing in a 500 m1 round-bottom flask with a 3-ball Snyder column, 
and heated in a water bath to 90-95° C. The concentrate was then eluted from a Florisil 
column with 90 percent nanograde hexane (Mallinclrodt, Inc., Paris, KY) and 10 
percent ether (v/v). The clean.up procedure followed EPA guidelines for 
organochlorine pesticides and PCBs (Fed. Reg.,1979). The PCB extracts were placed 
in serum bottles, closed with teflon-lined septae, and sealed, with aluminum crimps. 
Extracts were stored in the dark at 4° C until analyses. Maximum storage time between 
extraction and analyses was 2 weeks. 
2. Gas chromatography 
High-resolution capillary-column gas chromatography (HRGC) was performed using a 
Varian Model 3500 gas chromatograph equipped with a 63Ni electron capture detector 
(BCD) interfaced to a Varian 4270 Integrator, and a Finnegan MAT 700 ion trap 
detector (lTD) driven by an ffiM PC AT. A 30M fused silica capillary column 
(0.25 mm Ld.) coated with DB-5 (J & W Scientific) was used to separate PCB isomers 
and congeners. Carrier gas was ultra-high-purity He; flow rate was either 5.0 ml/min 
(determined at 50° C) for decachlorobiphenyl (DCB) analysis, or 2.0 ml/min 
(determined at 80° C) for PCB congener separations. ECD make-up gas was ultra­
high-purity N2 at a flow rate of 20 or 30 ml/min depending on the desired sensitivity. 
Split! splitless (s/s) injection modes were both used for DCB analysis; on column 
injection (OCI) was used for congener separations. The ECD temperature was set at 
250° C for DCB analysis and 300° C for analysis of all congeners. The detector 
temperature was set at 300° C for sIs mode and at 150° C for OCI. 
The column temperature program for determination of DCB consisted of injection at 
50° C followed by a 1 minute hold, then a 50° C to 250° C ramp at SO/min followed by 
a 2 minute hold, then a 250° C to 290° C ramp at 100/min. Under splitless conditions, 
the splitter was opened after 0.75 minutes and closed after 1.75 minutes to purge the 
detector. 
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To determine the PCB congener distribution patterns, the following program was 
developed: injection at 800 C, hold 1 minute, 80-160 C at 200 /minute, hold 1 minute at 
1600 C, ramp to 2700 C at 4a/minute, hold 5 minutes at 2700 C . 
3. Determination of PCB concentrations 
PCB concentrations in the sediments, referred to as total PCBs, were determined by 
converting all PCBs in the sediment extract to DCB. 
Twenty-five grams of sediment from each station was extracted, concentrated and 
cleaned on a Florisil column as previously described (Figure 3). One ml aliquots were 
removed from the eluate (approximately 220 ml) for perchlorination which was 
accomplished by reacting with SbCIs (Alfa products, Danvers, MA) following the 
method described by Steinwandter and Brune (1983) and Steinwandter(1984). The 
reaction mixture was cleaned by passing through a 5 ml column containing 1 g silica 
gel, using nanograde hexane (Mallinckrodt, Inc., Paris, KY) as an eluant. 
DCB levels in the eluate were determined by capillary gas chromatography (as 
described above) using a split/splitless injection mode. Detector temperature was 2500 
C, which gave an optimum response of 9260 chart units/picogram DCB. DCB 
concentrations were determined by comparison with a standard and correlating against 
a standard curve. The DCB standard was obtained from the EPA Pesticide and 
Industrial Chemicals Repository (Research Triangle Park. NC). 
Biphenyl concentrations in the extracts were detennined prior to perchlorination and 
then subtracted from the total DeB concentrations to give total PCBs. Biphenyl was 
identified and quantified by GC/ITD mass spectrometry using a dilution series of 
biphenyl standard (The Foxboro Co., New Haven, CT). 
To determine the conversion efficiency of the perchlorination method, a recovery study 
was undertaken. ArocIor 1248 (U.S. EPA Pesticide and Industrial Chemical 
Repository, Research Triangle Park, NC) was serially diluted to 1,10, 100,1000, and 
10,000 ug per unit volume and stoichiometrically perchlorinated. Figure 4 shows the 
percentage of ArocIor 1248 conversion to DCB relative to the concentration of ArocIor 
1248 in the reaction; these data were used to determine the range of PCB 
concentrations 
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Figure 4. Percentage of Arochlor 1248 converted to decachlorobiphenyl (DeB) using 
perchlorination procedure of Steinwandter and Brune (1983). 
10
 
that would result in a 95 to 98 percent conversion to DCB. Extracts were diluted and 
perchlorinated until no further increase in DCB concentrations was observed. 
C. Microbiology 
Aliquots from slip 3 sediments designated as samples 1,2, and 3 were diluted 1: 1 with 
anoxic water. Dry weights were detennined from subsamples for each sediment slurry. 
After blending, the homogenous sediment slurry was pipetted into serum bottles. Each 
bottle received 15 ml of the wet slurry which was 11- 15 g (dry weight) of sediments, 
depending on the sediment density. Bottles were sealed, head space gases exchanged 
with N2 and pressurized to 35 psig. Strict anaerobic methods were used in all steps. 
Biological degradation was monitored by harvesting samples at intervals of 0,1 3,5,9, 
and 12 months. For each time point, five serum bottles were prepared for each sample. 
Two of the serum bottles were sterilized by autoclaving twice at 20 pounds pressure for 
20 minutes and used as negative controls; the other three bottles contained biologically 
active sediments and were incubated. To determine initial congener concentration and 
distribution, zero point samples were prepared exactly as described above but were 
immediately frozen and kept at -200 C until analyses. The entire experiment was 
conducted at two temperatures, go C and 220 C, and incubated in the dark without 
shaking. Cultures were sacrificed by freezing and maintained at -200 C until analyzed 
for PCBs. 
PCBs were extracted, cleaned and concentrated as previously described (Figure 3). 
Congeners were separated using gas capillary chromatography and on-column injection 
(GCI). To serve as an extraction standard, a defined amount of HCB was added to the 
sediment slurry. Known concentrations of tribromobenzene (TBB) and 
octachloronaphthalene (OCN) were added to the extracts as internal standards. 
Changes in the concentrations of specific PCB congeners were determined by 
comparing congener levels in triplicate samples harvested at various time intervals to the 
following: (1) the congener levels in the duplicate sterile controls from the same 
incubation temperature and time point; and (2) the PCB congener levels initially present 
in the sediments (i.e., in the to samples). Changes in PCB congeners due to 
nonbiological reactions were detennined by comparing congener levels in the 
autoclaved sterile controls with the levels initially present in the sediments. 
1 1 
Specific peaks from various gas chromatograms were normalized by dividing the peak 
area of the compound of interest (P) by the peak area of the internal standard, (TBB). 
and dividing by 100 to give a more manageable whole number: R = (PffBB)/100. R is 
a dimensionless number that used to relate a peak of interest to the same peak from 
different extracts. The R value has been used to estimate biooegradation of PCBs, 
maximum percentage decrease, and rates of alteration. 
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Chapter 3. RESULTS AND DISCUSSION 
A. PCB Concentrations in Sediments 
Concentrations of total PCBs in 19 sediment samples ranged from 5 to 17,251 ppm 
(Figure 5). Contamination levels generally decrease toward the harbor mouth to a 
concentration range of 5 to 20 ppm. The highest concentrations were found at the 
northern end of the harbor in slip 3, the site where Outboard Marine Company (OMC) 
formerly discharged PCB contaminated hydraulic fluid (U.S. EPA Report, 1981). The 
actual discharge location is bracketed by stations K and J, which have PCB 
concentrations of 14,694 ppm and 17,251 ppm, respectively. Although these were the 
highest levels found, they are not the highest levels reported for the harbor sediments. 
Values as high as 500,000 ppm (500/0) have been reported for slip 3 mucks (U.S. EPA 
Report, 1981) and Mason and Hanger (1981) reported concentrations greater than 
61,000 ppm in the underlying sand near the discharge point. 
Using estimates of sediment volumes and average PCB concentrations Mason and 
Hanger (1981) divided the harbor area into four zones, A, B, C, and D defined by the 
PCB contamination levels found in the sediments (Figure 6) (U.S. EPA Report, 1981). 
Zone A, which includes all of slip 3, has a contamination "level of great than 500 ppm 
(Figure 6). We found, however, that all four stations (0, H, J, and K) sampled from 
this zone have PCB levels greater than 1500 ppm (Figure 5). In addition, the range of 
1,527 to 17,251 ppm was much narrower than the 341 to 54,690 ppm range reported 
by Mason and Hanger (1981). 
Contamination levels in zone B at station C, D, E, F, and L (Figure 5) are generally 
within the defined range of 50-500 ppm. The exceptions are station D and F which 
have PCB concentrations greater than 1,300 ppm. These stations are located near the 
mouth of slip 3. 
The relatively narrow range of PCB concentrations for station D, F, G, H, J, and K 
and the trend of decreasing contamination toward the mouth of slip 3 suggests that 
PCBs have been moving away from the discharge area and into the harbor. This is 
substantiated by the anomalously high PCB levels found at station D and F near the 
mouth of the slip. In addition to moving laterally, the PCBs are probably also moving 
downward into the underlying sand horizon. 
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Figure 5. Concentration of polychlorinated biphenyls (PCBs) in sediments of Waukegan 
Harbor, Waukegan, Illinois. 
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Contamination levels at most of the stations in zone C (station R, S, T, W, and X) fall 
within the previously reported contaminant levels of 10 to 50 ppm. The exceptions are 
station P and Qwhen the increased levels of about 15 ppm are within the range of 
interlaboratory error, and station B, which has a contaminant level alxmt 3.5 times 
greater than had been reported for this part of the harbor. This high value suggests that 
contaminants are accumulating on the west side of the harbor. The shift of 
contaminated sediment is probably a result of suspension and redeposition of sediments 
by commercial boats moving into and out of slip 2, and of pleasure boats in the main 
channel 
B. Anaerobic Degradation of PCBs 
1. Anaerobic incubations 
Three PCB contaminated sediment samples were used in experiments designed to 
follow the anaerobic degradation of PCBs. Sediments from sample 1 (PCBs = 150 
ppm), sample 2 (PCBs = 1,500 ppm), and sample 3 (PCBs = 17,000 ppm) were 
incubated at 22° and 8° C for periods of 0, 1, 3, 5 and 9 months. A wide range of PCB 
concentrations was studied because the ability of organisms to degrade a contaminant 
often depends on the concentration of that contaminant. The PCB levels used in the 
incubations paralleled the upper range of PCB concentrations occurring in slip 3 
sediments; consequently, the occurrence of biological degradation in the incubated 
samples can be equated with in situ degradation. 
PCBs were extracted from all controls and cultures. We analyzed the series from 9 
month 22° C first to detennine whether any of the PCB congeners had been altered. 
Analyses of go and 22° C extracts from samples 1 and 2 showed no change in PCB 
congener distributions indicating a lack of anaerobic, microbial degradation. Examples 
of PCB distribution patterns indicative of those found for samples 1 and 2 are shown in 
Figure 7 (sample 1) and Figure 8 (sample 2). Both sets of chromatograms were 
generated from extracts of sediments that had been incubated for 9 months at 22° C. A 
comparison of the chromatograms from the biologically active cultures (Figures 7c and 
8c) with those of the sterile controls (Figures 7b and 8b), shows no evidence of 
biological degradation. 
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Figure 7. PCB distribution patterns for sample 1 showing little or no anaerobic biological 
transfonnations of PCB peaks after incubation for 9 months. TBB OCN are internal 
standards, ReB is an extraction standard, and So is indigenous. (A), PCB congener 
pattern at initiation of experiment. (B), Congener distributions of twice autoclaved negative 
control incubated at 22° C, and (C), PCB congeners remaining in biologically active 
sediments incubated at 22° C. 
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Figure 8. PCB distribution patterns for sample 2 showing little or no anaerobic biological 
transfonnations of PCB peaks after incubation for 9 months. TBB OCN are internal 
standards, HCB is an extraction standard, and So is indigenous. (A), PCB congener 
pattern at initiation of experiment. (B), Congener distributions of twice autoclaved negative 
control incubated at 22° C in the dark and (C), PCB congeners remaining in biologically 
active sediments incubated at 22° C in the dark. 
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Biological degradation of specific PCB congeners is evident, however, in the sediments 
from sample 3 (Figures 9, 10). In the sediments incubated for 5 months at 8° C, at 
least eight congeners had degraded (Figure 9c) including a dicWorobiphenyl and several 
tetra- and pentachlorobiphenyls. Peaks that decreased in area and height correspond to 
peaks 0, 4, 6, 8, 9, 10, 11, and 19 in Figure 9a. 
Degradation at 22° C was more extensive, comprising at least 20 peaks ranging from 
trichlorobiphenyls to hexachlorobiphenyls (Figure 10). Reductions in peak area 
compared with internal standards, showed 16 of the peaks decreased by more than 50 
percent within the frrst month of incubation (Table 1). The average decrease during the 
9-month period ranged from 46 to 99 percent (Figure 11). The smallest changes 
occurred in peaks 9, 18, and 20 (Figure 11), which were identified as a 
tetrachlorobiphenyl and two pentachlorobiphenyls. 
In contrast to the number of peaks that decreased, two peaks appeared to increase in 
peak height and area (Figures 9c and IOe). In the 22° C culture, the peak that increased 
was present in the sediments prior to incubation (Figure lOa) and was not altered 
during autoclaving (Figure 10). Although this peak has not been identified, its 
retention time is comparable to that expected for a dichlorobiphenyl. Similar increases 
in mono- and dichlorobiphenyls were observed by Brown et al. (1984,1987) in 
subsurface sediments from the upper Hudson River. Increased levels of these 
congeners suggest that dechlorination of some more highly chlorinated biphenyls does 
not go to completion and that the resulting mono- and dichlorobiphenyls are either 
dechlorinated slowly or not at all. 
In the 8° C culture, the compound that increased (Figure 9c) can not be observed in the 
chromatogram of the sediments before incubation (Figure 9a) or in the autoclaved 
controls (Figure 9b). The retention time indicates that this compound, if it were a PCB, 
would be highly chlorinated, probably a penta- or hexachlorobiphenyl. 
2. AUTOCLAVED CONTROLS 
The validity of data from microbiological experiments depends in great part on the 
effectiveness of sterile controls. Common procedures used for sterilization are 
autoc1aving, irradiation, and addition of chemical agents such as formaldehyde, 
mercuric chloride, m-cresol, and sodium azide (Brock,1978). In this study, 
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Figure 9. Limited anaerobic alteration of indigenous PCBs at 8° C in sample 3 after 5 
months incubation. TBB and OCN are internal standards, ReB is an extraction standard, 
and So is indigenous. Numbers indicate specific peaks referred to in the text. (A), PCB 
congener pattern at initiation of experiment. (B), Congener distributions of twice 
autoclaved negative control incubated at 8° C in the dark and (C), PCB congeners 
remaining in biologically active sediments incubated at 8° C in the dark. 
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Figure 10. Anaerobic bacterial alteration of indigenous PCBs at 22° C in sample 3 after 5 
months incubation. TBB and DCN are internal standards, I-ICB is an extraction standard, 
and So is indigenous. Numbers indicate specific peaks referred to in the text. (A), PCB 
congener pattern at initiation of experiment. (B), Congener distributions of twice 
autoclaved negative control incubated at 22° C in the dark and (C), PCB congeners 
remaining in biologically active sediments incubated at 22° C in the dark. 
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Table 1. Decrease of nonnalized peak areas from sample 3 incubated at 22oca. 
Percentage Decrease
 
Peak No. PCB Class (li) 1 mo. 3 mo. 5mo. 9mo.
 
1 trichloro 97 99 
2 trichloro 76 97 
3 trichloro +tetra 79 90 
4 tetrachloro 98 99 
5 tetrachloro 98 99 
6 tetrachloro 99 99 
7 tetrachloro 76 89 
8 tetrachloro 92 96 
9 tetrachloro 36 38 
10 tetrachloro 57 83 
11 pentachloro 67 57 
12 pentachloro 60 72 
13 pentachloro 53 65 
14 pentachloro 69 89 
15 pentachloro 47 62 
16 pentachloro 58 81 
17 pentachloro 56 78 
18 pentachloro 46 46 
19 pentachloro 93 96 
20 pentachloro 33 55 
(a) Each value is the mean of triplicate determinations. 
(b)	 PCB congener class was determined by GC/ITD. Conclusive 
identification of specific congeners has not been completed. 
99 99 
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autoclaving (121 ° C at 15.5 lbs pressure) was used to sterilize control sediments. The 
relatively low temperature was thought to have little effect on the target compounds, 
PCBs; chemical sterilants were not used because their effects on subsequent PCB 
extraction and analysis were unknown. 
Macalady et al. (1986) stated that autoclaving alters reaction systems, possibly 
destroying the catalytic activity of compounds which may mediate the reactions 
observed in untreated systems. In part, this is probably true; however, the opposite 
effect was observed in this study. Rather than destroying the catalytic components of 
the sediment, autoclaving may have enhanced their reactivity (Figures 9b and lOb). 
Non-biological alterations caused in sample 3 by autoclaving and incubation at 22° C 
are shown in Figures 12a and 13a. Crossplots of the normalized areas of peaks 3,7,9­
18 and 20 are presented in Figures 12a, and those of peaks I, 2, 4, 6, 8, and 19 appear 
in Figure 13a. Zero time cultures and autoclaved controls are plotted against each other; 
points that fall on the diagonal line in these Figures (l2a and 13b) represent compounds 
that have not changed in concentration because of autoclaving. Figures 12b-d and 13b­
d are similar except, that 1-, 3-, 5- and 9-month control (autoc1aved) cultUres are plotted 
against the zero time autoclaved controls; the purpose was to determine whether 
changes occurred in the controls during the various incubation periods at 22° C. 
Peaks below the diagonal lines represent decreases in concentration; whereas those 
above the line indicate increases in concentration. As Figures I2a and 13a show, 
autoclaving caused a decrease in all peaks except peak: 14. The greatest changes appear 
in the I-month controls (Figures I2b and 13b) where only peaks 12, 17, and 18 appear 
not to have changed. Peak. 8 appears to have increased slightly whereas the other peaks 
have decreased. The reason for these pronounced changes in the I-month controls is 
unknown. The peaks from the 5 and 9-month controls (Figures 12c-d and 13c-d) 
show slight decreases in concentration; only peak 8 increased (Figure 13d). 
3. Time profiles of degradation 
The time course of PCB degradation determined from the normalized peak areas for 8° 
and 22° C incubations are given in Figures 14 to 18. The 22° C controls consist of three 
time points: 0, 5, and 9 months. For the 8° C controls, only values for the 0 and 5­
month periods are given. Three time points are also shown for the 8° C cultures, which 
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Figure 12. Ratios of peak areas [(PCB peak area/TBB peak area) 100-1] for selected peaks 
of autoclaved controls from sample 3. Autoclaved (control) versus unautoclaved sample 
and the stability of PCB peaks over the indicated incubation period after autoclaving. The 
diagonal line represents no change from the initial control (zero time). Numbers refer to 
selected peaks from Figure 10. 
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Figure 13. Ratios of peak areas [(PCB peak area/fBB peak area) 100-1] for selected peaks 
of autoclaved controls from sample 3. Autoclaved (control) versus unautoclaved sample 
and stability of PCB peaks Qver the indicated incubation period after autoclaving. The 
diagonal line represents no change from the initial control (zero time). Numbers refer to 
selected peaks from Figure 10. 
10 
10 
10
'i' 
11 
t ~ 
0 
E 
'Cl 
eo 
~
 
~
 JO 
'"~ 
~	 Ztl 
10 
10 
70 
1 10 
1, 
"	 
~ 
t 
'Cl 
.!!. 
~
 
~
 30 
~ '" 
.. til 
to 
CONTROL (0 month) VS SAMPLE (0 monlh) CONTROL (1 monlh) VS CONTROL (0 month) 
80 
711 
eo
'i' 
11 
!/
a, 
" 
~ 
'Cl 
::­
~ 
~ 30 
..
I< 
~ 
:ro 
10 
II 
20 
CONTROL (5 month) VS CONTROL (0 monlh)	 CONTROL (9 month) VS. CONTROL (0 month) 
eo 
70 
~/ 
,/ 
eo
'i' 
11 
~ 
Q., 
" 
~ 
I 
/
 
'Cl
 
e 
~ 
~ JO 
I< 
.. 
~ 
zo 
10 
26
 
60T-----------------. 
PEAK 1 L5 50 
0:: 
b .~b__6~ 40 
~ .10 \1 1o ~~20 
:J 1~'0
a:: 
o 0 0-0----0z 0 
-1 0 +---+--+~f__+__l___+_-4___+__4__l_~
 
-1 0 1 2 .1 4 5 6 7 a 9 10
 
MONTHS0-0 22°C LIVE ~-~ aOe LIVE 
0-0 22°C CONTROL \1-\1 aOc CONTROL 
4..------------------. 
~ 3 ~ 
~ 2 
a.. 
o 
w 
~1 
~ 
gj 0 
z 
PEAK 3 
, 
t=AZ~ 1 -0 1 
°--0--0----0
 
-1 +.---!'--+--+--+-+---+---t-_l_--f---+---1 
-1 0 1 2 .1 4 5 6 7 a 9 10 
MONTHS0-0 22°c LIVE 6,-6, aOe LIVE 
0-0 22 0 c CONTROL \1-V aOe CONTROL 
100-r-----------------. 
PEAK 2 i5 ao 
a:: 
« 
~60 
a. 
040 
w 
N \;:t 20 o:::E 
0:: 
'--0-0----0g 0 
- 20 +--+---+--If__+--+--+-r--+--+-"--+--t 
-1 0 1 2 .3 4 5 6 7 a 9 10 
MONTHS00-0 22 C LIVE ~-6, aOc LIVE 
0-0 22°C CONTROL \1-\7 eOc COtHROL 
60-r----------------, 
~50 
~40 
«
~ 
If 30 
o 
~20 
~'00:: 
o 
Z 0 
-1 (\ .,' , , . . , 
-1 0 2 .1 4 5 6 7 8 9 10 
MONTHS0-0 22 0 C LIVE ~-~ aOc LJVE 
0-0 22°C CONTROL V-\] aOc CONTROL 
" 
Figure 14. Sample 3: degradation of PCB peaks 1,"4 (Figure 10). The data points (0) for 
220 C live cultures are averages of triplicates and include error bars except where the 
symbol diameter exceeds the length of the error bars. The data points (0) for 22° C control 
cultures are averages of duplicates and also contain error bars. The 8° C live (~) and 
control (\7) samples are included for comparison and are not replicates, except for the 5­
month duplicate. 
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Figure 15. Sample 3: degradation of PCB peaks 5-8 (Figure 10). The data points (0) for 
22° C live cultures are averages of triplicates and include error bars except where the 
symbol diameter exceeds the length of the error bars. The data points (D) for 22° C control 
cultures are averages of duplicates and also contain error bars. The 8° Clive (i1) and 
control (v) samples are included for comparison and are not replicates except for the 5­
month duplicate. 
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Figure 16. Sample 3: degradation of PCB peaks 9-12 (Figure 10). The data points (0) for 
22° C live cultures are averages of triplicates and include error bars except where the 
symbol diameter exceeds the length of the error bars. The data points (0) for 22° C control 
cultures are averages of duplicates and also contain error bars. The go C live (~) and 
control (\7) samples are included for comparison and are not replicates except for the 5­
month duplicate. 
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Figure 17. Sample 3: degradation of PCB peaks 13-16 (Figure 10). The data points (0) for 
22° C live cultures are averages of triplicates and include error bars except where the 
symbol diameter exceeds the length of the error bars. The data points (D) for 22° C control 
cultures are averages of duplicates and also contain error bars. The 8° C live (~) and 
control (\7) samples are included for comparison and are not replicates except for the 5­
month duplicate. 
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Figure 18. Sample 3: degradation of PCB Peaks 17-20 (Figure 10). The data points (0) 
for 22° C live cultures are averages of triplicates and include error bars except where the 
symbol diameter exceeds the length of the error bars. The data points (0) for 22° C control 
cultures are averages of duplicates and also contain error bars. The 8° C live (A) and 
control (\7) samples are included for comparison and are not replicates except for the 5­
month duplicate. 
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were included only for comparison since both triplicate samples and more time points 
are lacking. 
The data indicate that PCB degradation is temperature dependent. In all cases 
degradation occurred more slowly in samples incubated at 8° C than at 22° C (Figures 
14 to 18). After 5 to 9 months of incubation at 8° C, substrate levels approached the 
levels reached by the 22° C samples after 1 month of incubation. The exceptions are 
peaks 16 and 18 (Figures 17 and 18), where rates at 8° C were approximately one 
fourth the rate of those at 22° C assuming a constant rate of degradation. 
The fastest rate of degradation was observed within the first month of incubation at 22° 
C: five peaks, (1, 4, 5, 6, and 19) decreased by more than 90 percent and ten peaks (2, 
3,7, 19, 11, 12, 13, 14, 16, and 17) by at least 50 percent. The remaining four peaks 
(9, 15, 18, and 20) showed reductions of 33 percent to 47 percent (Table 1). Peak 8 
(Figure 15) is unusual because degradation levels in the live cultures are not 
significantly different from controls. 
Rates of peak loss generally decreased significantly after 3 months; a minor exception 
to this trend is seen in peak 9, a tetrachlonrbiphenyl. One possible explanation is that 
substrate concentration became limiting. Fifteen of the nineteen peaks decreased by 85 
percent or more, indicating that once induced, degradation continues almost to 
completion. The more slowly degraded congeners were those that were more highly 
chlorinated, generally the pentachlorobiphenyls and particularly peaks 18 and 20 
(Figure 18). 
32
 
Chapter 4. CONCLUSIONS 
The increased PCB levels that now occur at and just outside of the entrance to slip 3 
suggest that PCBs are migrating away from the outfall site. The generally decreased 
levels in the slip may result from dilution of PCB sediments with uncontaminated 
sediments and from microbial degradation. The lack of sediment cores and PCB values 
from various sedimentary horizons precludes estimating the extent and rate of PCB 
migration and loss. 
The west side of the harbor appears to have higher levels of contaminants than 
previously reported, probably because currents caused by boat traffic are moving 
contaminated sediments to that side. Some sediment movement may also be caused by 
currents generated by Outboard Marine Company's motor testing facility on the east 
bank (Figure 6) as well as from natural processes. In general, contaminant levels 
decrease toward the mouth of the harbor. 
Evidence indicates that PCBs in the harbor sediments have been dechlorinated by 
microorganisms. Comparison of the distribution of PCBs in Arochlor 1248, the major 
source of PCB contamination in the harbor, with the PCB congeners now found in the 
sediments, indicates that a number of di-, tri, and tetrachlorobiphenyls have been 
degraded and that some dichlorobiphenyls have increased in concentration. Further 
study is required to determine the vertical and lateral extent of this degradation and 
whether it is primarily an aerobic or anaerobic bacterial process. 
Anoxic sediments in the harbor contain microflora that are capable of degrading at least 
20 different PCB congeners. In incubated sediments, PCBs were effectively degraded 
at 8° and 22° C; however, degradation occurred more quickly and to a greater extent at 
the higher temperature. The ability to degrade PCBs appears to be induced by 
concentrations of PCBs in the range of 10,000 ppm; degradation does not seem to 
occur at levels as low as 1,500 ppm. Once degradation was initiated, the majority of 
PCB substrates were dechlorinated by at least 70 percent of their original 
concentrations. 
Although anoxic sediments in the harbor appear to contain bacteria capable of being 
induced to degrade PCBs, further studies are required to establish how effectively 
PCBs can be degraded in situ. PCB congener distributions must be determined for 
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several horizons in order to develop an historical perspective of the extent and rate of 
both degradation and migration of PCBs in the harbor. Concurrently, attempts should 
also be made to isolate anaerobic, PCB degrading organism(s) and to producing strains 
that can dechlorinate PCBs efficiently under in situ temperatures and conditions. 
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